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We present the experimental implementation of simultaneous spatial multimode demultiplexing
as a distance measurement tool. We first show a simple and intuitive derivation of the Fisher infor-
mation in the presence of Poissonian noise. We then estimate the distance between two incoherent
beams in both directions of the transverse plane, and find a perfect accordance with theoretical
prediction, given a proper calibration of the demultiplexer. We find that, even though sensitivity is
limited by the cross-talks between channels, we can perform measurements in 2 dimensions much
beyond Rayleigh limit with a large dynamic.
I. INTRODUCTION
The measure of the distance between two incoherent
point sources is a well-known problem since it amounts
to determining the resolution of an optical imaging sys-
tem. In the general case, this resolution is given by the
characteristic width of the point spread function of the
system, which is proportional to its numerical aperture.
Early resolution criteria derived in different fields — such
as the Abbe [1], Rayleigh [2] or Sparrow [3] criteria —
give slightly different definitions for the resolution power
of a given system. As pointed out in [4], the sole infor-
mation of the point spread function is in general not suf-
ficient for the thorough characterisation of the resolution
power and the signal to noise ratio plays a significant role
in its determination. In the last decades, fields such as
astronomy and microscopy have driven the efforts to ac-
cess better optical resolutions — with the emergence of
techniques such as aperture synthesis or super-resolved
fluorescence microscopy [5–8]. Analytical continuation
[9, 10] is another approach which has also been studied
in the context of radio astronomy [11] and electronic in-
formation [12].
In a general imaging context, the problem of the mea-
surement of the distance between two beams is expressed
in terms which are very similar to those describing the
measurement of the position of a single beam. In the
latter case, sensitivity reaching the Crame´r-Rao bound
can be attained for intense beams using homodyne de-
tection, with coherent states or squeezed states [13–15].
These techniques perform field measurements on a spa-
tial mode termed the detection mode. Using similar tech-
niques, other parameters of a beam can be measured [16].
However, the use of field measurements results in the fact
that these schemes are limited to measurements of a sin-
gle optical source (or two coherent sources) and cannot
be applied directly to the measurement of the distance
between two incoherent sources.
∗ nicolas.treps@upmc.fr
To our knowledge, the first mention of the use of spatial
mode demultiplexing for the problem of distance mea-
surement was made in [17]. In this work, the physical
situation studied is similar to the one we are interested in
(two incoherent point sources), but the problem adressed
is that of hypothesis testing. A recent surge of inter-
est was sparked in the last years regarding the quantum
Crame´r-Rao bound on the precision of the measurement
of the separation between two incoherent, diffraction-
limited, low-intensity sources [18–21]. The simultaneous
measurement of other parameters has been investigated
in [22–24]. The link between position determination and
higher-order modes was also highlighted in a number of
different contexts [25].
In [19, 26–28], spatial mode demultiplexing coupled
with intensity measurement is introduced as a measure-
ment scheme which saturates the quantum Crame´r-Rao
bound. If the point-spread function of the optical system
is approximated by a Gaussian, the optimum mode basis
for demultiplexing is the Hermite-Gauss mode basis. In
[19], it is shown that in the limit of an infinite number of
measurement modes, the information gathered is equal to
the Fisher information for any value of the separation be-
tween the sources. The single-mode version of this mea-
surement scheme, which is concerned with the regime
of very small separations, was experimentally tested in
recent years [29–32]. However, the general case of multi-
mode demultiplexing had not yet been investigated.
In this work, we measure the distance between two
incoherent point sources using multimode spatial demul-
tiplexing of nine modes, implementing the measurement
scheme described in [18]. We demonstrate that in the
case of small displacement, the derivations of the semi-
classical and quantum Crame´r-Rao bounds give the same
result. Using a Multi-Plane Light Conversion (MPLC)
system [33, 34] we perform intensity measurements on
the projections of the electric field on the Hermite-Gauss
mode basis. The demultiplexing of more than one mode
allows to measure the distance between two sources even
outside the range of very small displacement, and also
enables the simultaneous measurement of different pa-
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2rameters such as, in this work, the projection of the sep-
aration between the two sources on both directions of the
transverse plane.
II. THEORETICAL FRAMEWORK
In this section we propose a simple and intuitive deriva-
tion of the Crame´r-Rao bound in the presence of Pois-
sonian noise. For the measurement of the separation of
two incoherent, diffraction-limited sources, with the im-
portant assumption that the centroid of the two points is
known, the quantum Fisher information was calculated
in [19–21], for very low intensity beams. In practice, each
beam is approximated by a Gaussian beam of waist w0.
N , the total number of photons during one coherence
time ∆τ , is taken to be small compared to 1. The result
of [19] can then be expressed as [35]:
IqF '
N
w20
. (1)
We show here that a semi-classical approach gives the
same result in a very simple and intuitive way. Let us first
derive the semi-classical Fisher information for intensity
measurements of a single light beam which depends on
the displacement d along the transverse direction e. We
consider the mean value of the electric field of one indi-
vidual beam E(r; d) = 2
√
NEu0 (r; d) with u0 (r; d) the
normalized mean electric field, r = (x, y) the transverse
coordinate and E = √~ω/20cT (ω is the optical angu-
lar frequency, c the speed of light and T the integration
time of the detectors used in the detection scheme). We
define the detection mode as the normalized derivative of
u0 with respect to the displacement:
w(r) =
∂u0 (r; d) /∂d
||∂u0 (r; d) /∂d||
∣∣∣∣
d=0
. (2)
We assume that the total intensity of the beam is inde-
pendent of the parameter d — which is indeed the case.
FIG. 1. A Gaussian beam displaced in the transverse direc-
tion can be described using its decomposition on the Hermite-
Gauss mode basis defined using the reference position which
is used to define the displacement. This mode basis does not
depend on the value of the displacement d.
One can then easily calculate the classical Fisher informa-
tion in the presence of Poissonian noise, and we find [36]
IcF = 4N
∫ [
∂|u0 (r; d) |
∂d
∣∣∣∣
d=0
]2
dr. (3)
Let us consider now the problem of estimating the dis-
tance between two incoherent beams. It can be deduced
from the single beam case by describing the source as
the incoherent sum of two electric fields with opposite
displacements. In the case of Gaussian beams, so that
u0 (r; d = 0) is equal to the zero-order Hermite-Gauss
mode HG00 (r), Ei∈{1,2} = 2
√
αiNHG00
(
r + γi
d
2e
)
with α1 + α2 = 1, γi = ±1, d is the total distance be-
tween the sources and e the unitary vector of the sepa-
ration direction. In this situation, the detection mode is
the first Hermite-Gauss mode in the direction defined by
e: w(r) = HG10(r).
The Fisher information associated with one source is
IcF,i = αiN/w
2
0, still assuming Poissonian noise. Further-
more, as both sources are independent, we can consider
that the random variables consisting of the number of
photons hitting the detector originating from each of the
sources are independent — and the information yielded
by two independent random variables is the sum of the
information from each random variable. As a result, the
classical Fisher information of the complete system can
be written as
IcF = I
c
F,1 + I
c
F,2 =
N
w20
. (4)
Hence, for this specific problem, we also have IcF = I
q
F .
Remarkably, in order to reach the corresponding Crame´r-
Rao bound for each of these beams, one has to measure
the amplitude quadrature of the detection mode, and,
because the beams are identical, the detection mode is
the same for both beams. So, measuring this detection
mode leads to quantum Crame´r-Rao limited distance es-
timation, as the intensity of the sum is the sum of the in-
tensities in the incoherent case. One should insist on the
fact that in the considered regime this result is obvious.
Indeed, it is well known that measuring the amplitude of
the detection mode for a single beam leads to quantum
Crame´r-Rao limited sensitivity and that the distance be-
tween two incoherent beams is the sum of two symmetric
displacements. We also recall that the analysis presented
in this part is valid in the small displacement regime. In
the experimental work presented in the next part, we
depart from this regime and study the case of arbitrary
displacements.
III. EXPERIMENTAL WORK
We developed an experimental setup to assess the per-
formances of a demultiplexing system on the measure-
ment of the distance between two incoherent sources.
We still make the assumption that the position of the
3centroid of the two sources is already known. The
key element of this setup is a MPLC system (Cailabs
PROTEUS-C) which allows to perform intensity mea-
surements on several modes of the Hermite-Gauss basis,
whose orientation define the x and y vectors of the trans-
verse plane. We introduce the angle β between vectors d
and x. The two fields can be expressed as
Ei (r; γid/2) =
∑
n,m
cn,m (γid/2)HGnm (r) (5)
with d = (d cosβ, d sinβ) (see figures 1 and 2).
v0
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FIG. 2. The beams which enters the MPLC system can be
described as a superposition of modes u0≤i≤8. Each input
mode is demultiplexed and sent to a spatially separated spa-
tial mode v0≤i≤8. Each of these modes is coupled into a sep-
arate single-mode fiber.
Figure 3 displays an example of the theoretical coef-
ficients c2nm as a function of d for β = pi/6. It illlus-
trates the fact that displacements in both directions of
the transverse plane can be measured. Using the MPLC
system allows to directly and simultaneously measure
these coefficients.
FIG. 3. Theoretical projections on the Hermite-Gauss mode
basis for a displaced Gaussian beam as a function of the dis-
placement d with β = pi/6.
A. MPLC design and characterisation
The MPLC system is a spatial mode multiplexing
tool which can in theory implement any kind of spa-
tial mode basis change on a finite number of modes.
The MPLC system we use is a 9-mode demultiplexer.
The input modes are free-space co-propagating Hermite-
Gauss modes (u0≤k≤8 ' HG0≤n,m≤2) with a waist
w0 = 227µm. The output modes are spatially sepa-
rated single mode Gaussian beams which are coupled
into single mode fibers (v0≤k≤8). This system thus al-
lows to perform intensity measurements on 9 modes of
the Hermite-Gauss basis simultaneously. Although there
is no theoretical limitation to the quality of the mode ba-
sis change a MPLC can implement, a fabricated MPLC
is never perfect: the modes which are demultiplexed are
slightly different from the theoretical modes (in this case
the Hermite-Gauss modes). One important measure of
the MPLC’s performances is the measure of the cross-talk
between channels. To measure these quantities, we inject
a free-space HG00 beam in the system and measure the
intensity in all the different output channels. The opti-
cal power measured in the mode HGnm is Pnm and the
cross-talk of mode (n,m) with the (0, 0) mode is given by
rXTnm = 10 ∗ log10 (Pnm/P00). Table I presents both the
specified cross-talk values and the experimentally mea-
sured values. Another important difference with the ideal
case is that the different “channels” of the MPLC do not
have identical losses. These channel-specific losses can be
evaluated when one possesses two identical systems by
measuring them in a “back-to-back” configuration [37].
In our case, we chose to measure the losses by injecting
light into the different single-mode fibers and measuring
the intensity exiting the MPLC system. Table II gives
the measured intrinsic efficiency of the MPLC system. It
should be noted that this specific measurement scheme
does not discriminate the cross-talk from the losses we
wish to measure.
B. Assessment of the role of cross-talk in the
sensitivity of the setup
In the context of our experiment, the cross-talk val-
ues of table I represent an offset for the measurement
of the displacement (see B for detailed derivation). In-
deed, the intensity measured in the first-order mode is
proportional to
(
d/w0 + p
01
00
)2
with d the displacement
TABLE I. Specified (spe) and experimental (exp) values of
the crosstalk values from mode HG00 into the higher order
HGnm modes.
dB rXT10 r
XT
01 r
XT
20 r
XT
02 r
XT
11 r
XT
21 r
XT
12 r
XT
22
spe -26 -28 -27 -26 -45 -31 -38 -24
exp -26 -26 -26 -23 -38 -31 -38 -28
4and p0100 =
√
P01/P00. We suppose, as is the case in this
experiment, that the minimum crosstalk intensities are
greater than the sensitivity of the power-meter we use.
With the cross-talk values of the theoretical system used
in the experiment, we can write:
doffset10 /w0 =
√
p1000 =
√
10−26.29/10 = 4.9 10−2
doffset01 /w0 =
√
p0100 =
√
10−27.45/10 = 4.2 10−2.
The phenomena of cross-talk is not specific to the
MPLC tool and plays a role in any demultiplexing sys-
tem. Indeed, it finds its origin both in technical limita-
tions and fabrication errors as well as errors or approx-
imation made in the determination of the spatial profile
of the signal beam (for instance the point-spread func-
tion of the optical system in the diffraction-limited case).
Though small, these errors always introduce non-zero
projections on the higher-order modes of the chosen basis
meaning that at high power, the precision of a demulti-
plexing system will always be limited by the cross-talk.
The characterization of such quantities is thus an essen-
tial step of the assessment of any kind of demultiplexing
system. In the present paper, we consider the worst case
scenario where cross-talks is a noise of unknown source
setting a limit for the sensitivity. However, one should
note that is is possible to derive the Fisher information
in the presence of cross-talk, given that the correspond-
ing basis change is perfectly known, which leads different
sensitivity scaling but would, upon the utilisation of the
optimal estimator, lead to an improved sensitivity com-
pared to what we estimate here [38].
C. Experimental scheme
In our experimental scheme, the output of a fibered
SLD (Thorlabs S5FC1005S, 50 nm bandwidth, λ = 1550
nm, output power 22 mW) is launched into a Mach-
Zender-like setup. A mirror mounted on a micro-meter
translation stage before the first beam-splitter of the
setup allows to translate the beam with respect to the
optical axis. Two Dove prisms aligned at pi/4 and −pi/4
with respect to the plane of the optical table allow to
produce symmetrical displacement for the beams in both
arms of the setup. The coherence length of the source
is L = c/ (pi∆ν) = 15µm. The length of each arm of
the Mach-Zehnder-like setup is of the order of 30 cm.
After going through the setup, no interference could be
observed between the two beams, which confirms that
they are indeed incoherent. The two beams are injected
TABLE II. Intrinsic efficiency coefficients of the MPLC sys-
tem relative to mode HG00 efficiency.
η00 η10 η01 η20 η02 η11 η21 η12 η22
1.0 0.9 1.0 0.9 1.1 0.7 0.8 1.0 0.7
into the MPLC system using a telescope which scales the
waist of the beams in order to match the designed waist
size of the MPLC system. This configuration allowed to
perform both single and double beam displacement mea-
surements.
D. Experimental results
Each measurement run is performed by introducing
displacement in steps using the translation stage. For
each step, we record the intensity of all the output modes.
Figure 4 plots the intensity profiles of all the output
modes normalized to the intensity of the HG00 mode
as the distance between the two beams is scanned from
0 to 3 w0. Corresponding theoretical plots of the inten-
sity profiles are also shown, normalized using the gain
coefficients of table II.
FIG. 4. Normalized intensity measured on each of the MPLC
output (solid line). In dashed line is the theoretical model
for the extracted parameter of displacement and angle. In
dashed dotted, we fit the data with an additional gain which
depends on the channel.
We first observe that all the plots correspond gener-
ally with what is expected theoretically, in particular
for the low displacement regime, or for the first order
modes where there is a perfect agreement between the-
ory and experiment. This demonstrates that the MPLC
is a highly valuable and compact tool for distance mea-
surement. However, we see that for larger displacement
(i.e. corresponding to more than one beam waist) dis-
crepancies appear between the theoretical model and the
experimental data. We note furthermore that this dis-
crepancy appear mainly for modes whose output is the
weakest, i.e. the modes contributing the least to the eval-
uation of the measurement. Also, we note that the main
effect is a global gain effect, but that each curve pre-
serves a shape that corresponds to the theoretical one.
5We thus chose to perform a fit of the data using free
gain coefficients. Table III displays these coefficients and
the corresponding plots are presented on figure 4. The
final demultiplexing results corresponds perfectly to the
theoretical model and demonstrates the potential of the
MPLC system for the determination of the distance be-
tween two incoherent sources, given a proper calibration
procedure. We note that the assessment of the channel-
dependent gain coefficient is a key element for a MPLC
system to be used as a precise measurement instrument.
Furthermore, the same measurements were performed for
a single source (by blocking one of the arms of the inter-
ferometer) which showed similarly good results.
Finally, we can now use the MPLC to measure source
separation and consider the sensitivity of the measure-
ment imposed by the cross-talks. Given the performed
calibration, the inferred distance upon intensity measure-
ment is simply obtained inverting the curves displayed in
4. We plot in figure 5a the distance versus measured in-
tensity on modes HG01 and HG02, and introduce error
bars induced by cross-talks (i.e. given by the derivative
of the curve times the amount of cross-talks). In order to
appreciate the relative effect more clearly we considered
a cross-talk equal to 10−1. We see, as expected, that for
HG01 precision remains constants from small displace-
ment to d/w0 ≈ 0.5 and then diverges, while for HG02
it diverges for small displacement. In figure 5b we thus
plot the precision of the inferred distance from measure-
ment either using HG01 or HG02, respectively, now using
the experimentally measured cross-talks. We see that,
depending on the displacement, one should use either
one or the other output (or a combination of both to
obtained an optimal estimator, which we did not plot in
the figure). Importantly, cross-talks imposed a sensitivity
about 2.10−3 for a measurement of d/w0 on a broad range
of values, up to about d/w0 ≈ 1.2. We thus demonstrate
highly sensitive measurement with a very large dynamic
range. Even though we are still far from the Crame´r Rao
bound because of the cross-talk, which could be improved
using a more complex optimal estimator [38], our appara-
tus displays sensitivity going much beyond the Rayleigh
limit, in two transverse dimensions.
IV. CONCLUSION
In this work, we make the demonstration of the use
of spatial mode demultiplexing as a measurement tool of
the distance between incoherent sources. In a first part,
we show that a simple semi-classical derivation, in the
small displacement regime, reaches the same qualitative
TABLE III. Fitted gain parameters.
g00 g10 g01 g20 g02 g11 g21 g12 g22
1.0 1.0 0.9 1.3 0.9 1.0 1.1 0.7 1.1
and quantitative conclusion as a full quantum derivation,
thereby giving an intuitive insight to the use of intensity
measurements and multiplexing for parameter estima-
tion. We then present an experimental implementation
of this protocol, which is conducted in the high intensity
and large displacement regime. The latter shows a very
good agreement with theory and validates its use. In
doing so, we also highlight the role of the cross-talk be-
tween the different modes of the demultiplexing system
as an important and unavoidable element to take into
account in the performance evaluation of such systems.
Finally, we note that this measurement scheme can also
be adapted to the measurement of other spatial param-
eters by tailoring the demultiplexing mode basis to the
parameter of interest.
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FIG. 5. (a) Displacement as a function of the measured in-
tensity in the modes HG01 and HG02: d0i(I). The error bars
correspond to ±xt01 × ∂d0i/∂I with I the normalized inten-
sity. For clarity ±xt01 is taken equal to 0.1. (b) Precision
as a function of the source separation for measurement using
modes HG01 and HG02. For this figure, ±xt01 value is the
one measure experimentally in Table I.
6Appendix A: Alignment of the setup
The alignment of the MPLC system with the rest of
the experimental setup is a critical point. Indeed, we
wish to measure a displacement with respect to a ref-
erence position: this reference position is given by the
modes for which the MPLC is designed. The waist size
and position (in the longitudinal direction) of the input
beam must be carefully matched, and the beam must
also perfectly aligned, both in position and direction in
the transverse plane. Since the system we use is precisely
designed to measure a misalignment, we use it to align
our setup. A coarse alignement is made by maximizing
the intensity measured on the HG00 mode. In a sec-
ond step, we measure the cross-talk values and minimize
them. The quality of the alignment is assessed by how
close to the theoretical cross-talk values the measured
cross-talk values are.
Appendix B: Sensitivity of apparatus
We make here a derivation of the sensitivity one can
reach using a demultiplexing system, in the case of a
single beam in a coherent state. All notations are defined
on figure 6. We express the complex field operator of a
single beam as
Eˆ(+)A (r) =
√
~ω0
20cT
∞∑
n=0
aˆnun (r) (B1)
with un (r) an orthonormal mode basis and aˆn the asso-
ciated modal annihilation operators.
FIG. 6. We introduce in this figure the different notations
used to describe the successive steps of the demultiplexing
process. The complex field operators are denoted as Eˆ and
their associated annihilation operators as aˆ, bˆ, .... The inten-
sity operators at the outputs of the demultiplexor are written
as Iˆ.
For a beam displaced in the transverse plane (along x
for instance), and in the case where the mode basis ui (r)
is taken to be the Hermite-Gauss mode basis (also along
x), we can write
aˆ0 =〈aˆ0〉+ δaˆ0 =
√
N + δaˆ0 (B2)
aˆ1 =〈aˆ1〉+ δaˆ1 = d
w0
√
N + δaˆ1 (B3)
aˆi =〈aˆi〉+ δaˆi = o(d2) + δaˆi, ∀ i > 1 (B4)
where d is the displacement of the beam.
The mode basis which is “demultiplexed” by the
MPLC system is slightly different from the Hermite-
Gauss mode basis. The differences are revealed through
the cross-talk phenomenon. We define the mode basis de-
multiplexed by the MPLC system as vi (r) and bˆn as the
associated modal annihilation operators. We also define
the cross-talk coeficients as
pij =
∫
u∗i (r) vj (r) dr. (B5)
The demultiplexing operation does not introduce deco-
herence between the different modes which allows the
use of a coherent description. We also make the assump-
tion that the demultiplexing operation is unitary in the
sense that it does not introduce losses. We note that
in the experiment we perform, the method of cross talk
measurement only gives us access to
∣∣pij∣∣. In a reason-
able approximation considering the experimental values
of cross-talk, we can write pii ' 1 and:
v0 =u0 + p
0
1u1 + p
0
2u2 + ... (B6)
v1 =p
1
0u0 + u1 + p
1
2u2 + ... (B7)
At the input of the multiplexer, we express the incident
field Eˆin (r) = EˆA (r) as
Eˆ(+)in (r) =
√
~ω0
20cT
∞∑
n=0
bˆnvn (r) . (B8)
After the multiplexer and before the single mode fibers,
we can describe the different spatially separated beams
as:
Eˆ(+)out,i (r) =
√
~ω0
20cT
∞∑
n=0
cˆn,iv
i
n (r) (B9)
with cˆi,i = bˆi and ∀j 6= i, 〈cˆj,i〉 = 0,
vin (r) being a mode basis centered on the i
th single mode
fiber and vii (r) corresponding to the mode of the fiber.
Using these notations, we can express the intensity
measured after the demultiplexer on a given channel as:
Iˆi =
∫
Eˆ(+)†out,i (r) Eˆ(+)out,i (r) dr =
~ω0
20cT
∞∑
i=0
cˆ†n,icˆni (B10)
7The mean value of Iˆi is
〈Iˆi〉 = ~ω0
20cT
〈cˆ†n,icˆni〉 =
~ω0
20cT
〈bˆ†i bˆi〉. (B11)
At small displacements, we are most interested in Iˆ1 and
must thus express bˆ†1bˆ1. We do so at first order in d, by
only considering the contributions of aˆ0 and aˆ1:
bˆ†1bˆ1 =〈aˆ1〉2 + 2p10〈aˆ0〉〈aˆ1〉+ (p10)2〈aˆ0〉2 (B12)
+
(〈aˆ1〉+ p10〈aˆ0〉) [δaˆ1 + δaˆ†1 + p10 (δaˆ0 + δaˆ†0)]
+ δaˆ†1δaˆ1 + p
1
0δaˆ
†
1δaˆ0 + p
1
0δaˆ
†
0δaˆ1 + (p
1
0)
2δaˆ†0δaˆ0.
From this expression, we can write that the intensity
measured on mode v1 is:
〈Iˆ1〉 = ~ω0
20cT
N
(
d
w0
+ p10
)2
(B13)
and
δIˆ1 =
~ω0
20cT
√
N
(
d
w0
+ p10
)(
δXˆ1 + p
1
0δXˆ0
)
. (B14)
For a coherent state at shot noise, 〈δXˆ20 〉 = 〈δXˆ21 〉 = 1
and we can write
〈δIˆ21 〉 =
(
~ω0
20cT
)2
×N ×
(
d
w0
+ p10
)2
(B15)
×
[
1 + (p10)
2 + p10
(
〈δXˆ0δXˆ1〉+ 〈δXˆ1δXˆ0〉
)]
.
Finally, we give the expression of the signal to noise
ratio:√
〈Iˆ1〉2
〈δIˆ21 〉
=
√
N
(
d
w0
+ p10
)
√
1 + (p10)
2
+ p10
(
〈δXˆ0δXˆ1〉+ 〈δXˆ1δXˆ0〉
)
(B16)
In the case where p10 = 0 and for a signal to noise ratio
equal to one, we find again that
d =
w0√
N
(B17)
which is consistent with the results of [18, 36].
If we now make the assumption that the field we con-
sider is coherent, we have 〈δXˆ0δXˆ1〉 = 〈δXˆ1δXˆ0〉 = 0. In
the case where p10  1, we can rewrite equation B16 as
1 =
√
〈Iˆ1〉2
〈δIˆ21 〉
'
√
N
(
d
w0
+ p10
)(
1− (p10)2 /2) (B18)
which at first order simplifies to
1 =
√
〈Iˆ1〉2
〈δIˆ21 〉
=
√
N
(
d
w0
+ p10
)
. (B19)
The cross-talk coefficient thus appears as an offset term.
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